We explore a simple and eco-friendly approach for preparing CZTS powders and a screen-printing process for Cu2ZnSn(S,Se)4 (CZTSSe) counter electrodes (CEs) in dye-sensitized solar cells (DSCs). Cu2ZnSnS4 (CZTS) nanoparticles have been synthesized via a hydrazine-free solvothermal approach without the assistance of organic ligands. CZTS has been prepared by directly drop-casting the CZTS ink on the cleaned FTO glass, while CZTSSe CEs have been fabricated by screen-printing CZTS pastes, followed by post selenization using Se vapor obtained from elemental Se pellets. The crystal structure, composition and morphology of the as-deposited CZTS nanoparticles and CZTSSe electrodes are characterized by X-ray diffractometer, energy dispersive spectrometer, field emission scanning electron microscopy and transmission electron microscopy. The electrochemical properties of CZTS, CZTSSe and Pt CE based DSCs are examined and analyzed by electrochemical impedance spectroscopy. The prepared CZTS and CZTSSe CEs exhibit a cellular structure with high porosity. DSCs fabricated with CZTSSe CEs achieve a power conversion efficiency of 5.75% under AM 1.5 G illumination with an intensity of 100 mW/cm 2 , which is higher than that (3.22%) of the cell using the CZTS CE. The results demonstrate that the CZTSSe CE possesses good electrocatalytic activity for the reduction of charge carriers in electrolyte. The comprehensive CZTSSe CE process is cheap and scalable. It can make large-scale electro-catalytic film fabrication cost competitive for both energy harvesting and storage applications.
Introduction
Great attention has been paid to dye-sensitized solar cells (DSCs) due to its moderate light-to-electricity conversion efficiency, the simple device fabrication process, and low cost [1] [2] [3] [4] . Counter-electrode (CE) plays a key role by catalyzing the reduction of the redox species in DSCs. It serves to transfer electrons from external circuit to tri-iodide and iodine in the redox electrolyte. A high-performance DSC requires the CE to be highly catalytic and high conductive. Hence, platinum, which is a good catalyst for the reduction of the redox species, such as tri-iodide/iodide, is usually used as the counter electrode of the DSC. The best platinum counter electrode of a DSC is produced by a high-temperature hydrolysis process. However, the noble platinum remarkably increases the cost of the DSC [5] [6] [7] . Thus, many alternative cheap materials have been investigated as the counter electrodes for DSCs.
In previous works, carbon materials and organic polymers were proposed to replace Pt as CE catalysts [8] [9] [10] [11] [12] . Then, several inorganic compounds were intro-duced into DSCs as CE catalysts, such as NiN, CoS and NiS [13] [14] [15] . Compared with carbon materials and organic polymers, inorganic materials carry many advantages such as broad variety of materials, good plasticity and simple preparation [16] . Thus, many efforts have been made to develop inorganic compounds as an alternative catalysts in DSCs. Copper-zinctin-chalcogenides, Cu 2 ZnSnS 4 (CZTS), Cu 2 ZnSnSe 4 (CZTSe) and Cu 2 ZnSn(S,Se) 4 (CZTSSe) are widely known as promising photovoltaic (PV) p-type absorber materials in thin film solar cells [17] [18] [19] . Teodor. K. et al. prepared high-quality CZTSSe layers and achieved a high efficiency of 9.66% for CZTSSe-CdS p-n heterojunction solar cells, through addition of significant amount of Se and use of a hydrazine based solution deposition technique [19] . Although this is a very exciting approach, it involves hydrazine, which is toxic and explosive. Recently CZTS(Se) has been suggested as a high efficiency catalysts for tri-iodide reduction and consequently is expected to replace expensive Pt electrode in DSCs [20, 21] . For example, Xin et al. reported the application of a CZTSSe film as an effective CE in DSCs [20] . Their device indicates good electrocatalytic performance for regeneration of iodide from triiodide in a redox electrolyte and delivers a power conversion efficiency of 7.37%, which is even higher than that (7.04%) of the cell with a Pt CE. They employed a solution-base synthesis approach with the assistance of oleylamine to prepare CZTS nanocrystals at 225℃ in argon. CZTSSe CEs were prepared by sintering of spincoated CZTS films at 540℃ for 1 h in selenium vapor. For practical photovoltaic (PV) applications, cheap and simple CZTS synthesis methods and roll-to-roll printing processes for CZTS CEs, such as screen-printing and gravure printing, are required to be developed.
In this paper, we report a simple and eco-friendly approach for preparing CZTS powders and a screenprinting process for CZTSSe CEs in DSCs. CZTS nanoparticles were prepared via a hydrazine-free solvothermal approach without the assistance of organic ligands. CZTS CEs were prepared by dropcasting the CZTS ink on the cleaned FTO glass. CZTSSe CEs were grown by screen-printing the CZTS paste containing 5 wt.% of ethyl cellulose on the cleaned FTO glass, followed by heating at 400℃ for 15 min in air and annealing at 500℃ in selenium vapor for 10 min. The electrochemical properties of CZTS, CZTSSe and Pt CE based DSCs were investigated and compared through electrochemical impedance spectroscopy (EIS). Efficient DSCs using CZTSSe as CEs were fabricated. Their efficiency was very close to that of Pt CE based devices.
Experimental
In a typical synthesis of CZTS nanoparticles, 0.2 mmol copper (II) chloride dihydrate, 0.1 mmol zinc (II) chloride, 0.1 mmol tin (II) chloride tetrahydrate and 0.5 mmol thiourea were added into a 50 mL Teflonlined stainless steel autoclave. Triethylene glycol was filled up to 60% of the total volume. The autoclave was sealed and maintained at 190℃ for 24 h and then allowed to cool to room temperature naturally. The precipitates were filtered off, washed with absolute ethanol. Finally, the products were collected. The as-prepared product was ultrasonic dispersed in absolute ethanol directly to form CZTS inks or followed grinding in a terpineol solution containing 5 wt% of ethyl cellulose to prepare printable CZTS pastes. CZTS CEs were fabricated by drop-casting the ink on the cleaned FTO glass without sintering. CZTSSe CEs were grown by screen-printing the CZTS paste on the cleaned FTO glass, followed by heating at 400℃ for 15 min in air to remove the organic binders. Then, the samples were placed in a homemade selenization system consisted of a graphite box with a sample holder and several pots to hold solid Se pellets [22] . Selenization was carried out at 500℃ for 10 min.
DSCs with CZTS and CZTSSe CEs and thermally prepared Pt were fabricated using screen-printing double-layer TiO 2 served as photoanodes with a total thickness of about 16 µm on the FTO glass plates. The TiO 2 working electrodes were prepared according to the procedures described in our previous work [12, 23] . The as-prepared photoanode was dipped in a dye solution (0.5 mM N719 (Solaronix) in acetonitrile and tert-butyl alcohol (volume ratio of 1:1)) at room temperature for 20 h. The cells were sealed with Surlyn 1702 (Dupont) gasket with a thickness of 60 µm. A drop of electrolyte solution (0.05 M I 2 , 1 M MPII, 0.5 M Guanidine Thiocyanate and 0.5 M tert-buthylpyridine in acetonitrile) was introduced into the cell by capillarity. Finally, the holes were sealed using the same Surlyn film and a cover glass with a thickness of 0.7 mm.
The structure of the as-prepared CZTS particles and CZTS (Se) electrodes were identified by X-ray diffractometer (XRD, Bruker D8 Davinci instrument, Cu-Kα: λ = 0.15406 nm). The morphologies of the fabricated particles and CE layers were characterized by field emission scanning electron microscope (FESEM, JSM-7001F, JEOL) and transmission electron microscope (TEM, JSM-2010), respectively. Element analysis of the product was measured by energy dispersive spectrometer (EDS) equipped with the above FESEM. Raman spectrum was recorded by argon ion laser (SpectraPhysics: Stabilite 2017, 514.5 nm, 2 mW) and a triple monochromator (Jobin Yvon: T64000). The thickness of the layers were measured by a profilometer (Dektak 6M). Electrochemical impedance spectroscopy (EIS) measurements of DSCs were recorded with a galvanostat (PG30.FRA2, Autolab, Eco Chemie B. V Utrecht, Netherlands) under illumination 100 mW/cm 2 . The frequency range was from 0.1 to 100 KHz. The applied bias and ac amplitude were set at open-circuit voltage (Voc) of the DSCs and 10 mV between the Pt CE and the TiO 2 working electrode, respectively. The obtained spectra were fitted with Z-View software (V3.2) in terms of appropriate equivalent circuits. Photocurrent-voltage (I − V ) measurements were performed using an AM 1.5 solar simulator equipped with a 1000 W Xenon lamp (Model No. 91192, Oriel, USA). The solar simulator was calibrated by using a standard Silicon cell (Newport, USA). The light intensity was 100 mW/cm 2 on the surface of the test cell. I − V curves were measured using a computer-controlled digital source meter (Keithley 2440). The area of the solar cells is 0.196 cm 2 .
Result and discussion
The structure and chemical composition of the asprepared CZTS were characterized. Figure 1( • can be attributed to (112), (200), (220), (222) and (312) planes, respectively. All the diffraction peaks were compatible with those of tetragonal CZTS (JCPDS Card, No. 01-075-4122). The EDS spectrum confirmed the sample was exactly composed of Cu, Zn, Sn and S elements, as shown in the Fig. 1(b) . The atom ratio of Cu, Zn, Sn, S was determined to be 24.37:10.04:12.39:48.20, which was close to 2:1:1:4. The Raman spectrum of the as-prepared CZTS particles was shown in Fig. 1(c) . An intense peak at 338 cm −1 was detected, in excellent agreement with published Raman data for CZTS [24] . On the basis of the EDS analysis, we can conclude that the sample is stoichiometric CZTS.
Intensity/a.u. The morphology of as-prepared CZTS nanoparticles was examined by FESEM and TEM. As shown in Fig. 2(a) , the nanoparticles are relatively irregular and the nanoparticles sizes are in the range from approximately 300 nm to 800 nm. The inset of Fig. 2(a) shows the high magnification FESEM image of CZTS nanoparticles, it can be seen that the nanoparticle surfaces are considerably rough. They are composed of numerous tiny nanocrystals with an average crystallite size of 10-20 nm. A high-resolution TEM image (Fig. 2(b) ) shows that the nanocrystals have clear lattice fringe with interplanar spacing distance of 3.1Å, which can be resolved as (112) lattice fringes and agrees well with that determined from the diffraction peak at 
28.35
• in the XRD pattern ( Fig. 1(a) ) [25, 26] . Moreover, the nanocrystals with different growth directions in Fig. 2(b) indicate many nanocrystals in individual nanoparticle. Selected area electron diffraction (SAED) pattern shown in Fig. 2(c) matches the structure of CZTS (JCPDS 01-075-4122) and further reveals that the as-prepared CZTS nanoparticles consist of many nanocrystals, as indicated by the diffraction rings corresponding to the (112), (220) and (312) planes.
Figure 3(a) shows the corresponding XRD pattern of the prepared CZTSSe CE. The XRD diffraction peaks appealed at 2θ = 27.30
• , 45.28
• and 53.62
• can be attributed to (112), (220) and (312) planes of CZTSSe. Diffraction angles of these peaks moved to higher angles compared with those (27.16 • , 45.12
• and 53.39
• ) of standard XRD pattern of CZTSe (JCPDS Card, No. 01-070-8930) while remained lower than those of the as-deposited CZTS shown in Fig. 1(a) . The shifts were mainly due to the expansion of the unit cell upon replacement of small S with large Se atoms [27, 28] show the SEM images of CZTS and CZTSSe CE layers prepared on FTO glass substrate, respectively. The thickness of the layers is about 5-6 µm. As can be seen from Fig. 4(a) , CZTS presented a cellular structure, albeit with particles of a large size from 500 nm to 1 µm. The particle size was quite similar to that of the as-prepared CZTS powders shown in Fig. 4(a) and 4(b) . In the case of CZTSSe CE layer, as shown in Fig. 4(b) , CZTSSe also showed a typical cellular structure piled with aggregated particles. Meanwhile, it was evident that some CZTSSe also appeared as a pile of crystals with clear crystalline faces or edges that adhered to one another as a result of sintering and selenization at high temperatures. The CZTSSe exhibited crystals with a size of 2-3 µm. The mesoporous structures shown in CZTS and CZTSSe CEs can be considered as an effective electron transfer network that facilitates the collection and transfer of electrons from the external circuit. And what is more, a few angstrom wide triiodide ions can easily be regenerated at the surface and the pores of the of the CZTS(Se) networks [12, 26] . 2 . The performance of DSCs based on chemically deposited Pt/FTO CE was provided for comparison. The detailed information of preparing platinum CE by thermal decomposition is provided in our previous work [29] . The detailed photovoltaic performance parameters are listed in Table 1 . It can be seen that DSCs with the conventional Pt CE exhibited a short-circuit current density (J sc ) of 15.64 mA/cm 2 , open-circuit voltage (V oc ) of 0.75 V, fill factor (FF) of 63.58% and conversion efficiency (η) of 7.45%. DSCs with the CZTS and CZTSSe electrodes displayed a comparable V oc of 0.67 V and 0.72 V, but lower FF of 39.72% and 54.44%, lower J sc of 12.11 mA/cm 2 and 14.67 mA/cm 2 , and as a consequence, lower η values of 3.22% and 5.75%, respectively. CZTSSe displayed higher conversion efficiency than CZTS, and was more suitable to be used as a catalyst material in DSCs. To further investigate the catalytic activities of CZTS and CZTSSe counter electrodes, EIS measurements were carried out. There are many charge-transfer processes in energy conversion in a cell and these processes interact with each other in a complicated manner. The EIS investigation of the DSCs provides valuable information for the understanding of photovoltaic parameters [30] [31] [32] [33] . Generally, all the EIS spectrum of DSCs containing liquid electrolyte exhibit three semicircles in the Nyquist plot or three characteristic frequency peaks in the Bode phase plot. The resistance R ct1 , R ct2 and Z w are assigned to redox charge transfer at the counter electrode, electron transfer at the TiO 2 /dye/electrolyte interface and Warburg diffusion in the electrolyte in the order of decreasing frequency. The ohmic resistance (R s ) is mainly due to the sheet resistance of FTO and connection between FTO and electrodes [34, 35] . Figure 6 shows the impedance spectra of DSCs associated with Pt, CZTS and CZTSSe counter electrodes, respectively. The equivalent circuit is shown in the inset of Fig. 6(a) . The values of R ct2 for the DSCs with various CEs are not quite different from each other because all three kinds of cells were prepared with the same photoanodes. The values of R ct1 for the DSCs with Pt and CZTS CEs are very close. However, the use of CZTSSe CE enlarged the R ct1 from 5.77 Ω to 26.32 Ω, as shown in Fig. 6(a) and Table 1 , indicating poorer catalytic activity of CZTSSe than that of Pt. This enlargement can be attributed to the larger size of CZTSSe crystals than Pt particles and the excessive Se deposited through the selenization process [27] . The size of Pt prepared by thermal decomposition was 5-15 nm [29] , which is much smaller than the size of CZTSSe crystals shown in Fig. 4(b) . Moreover, the negative phase angle of the high frequency peak is increased from 13.0
• for the cell with Pt electrode to 37.9
• for the cell with CZTSSe electrode. Correspondingly, the characteristic peak position is shifted from about 5811 Hz to 1212 Hz, which indicates a low electrocatalytic performance for CZTSSe electrode [36] . In contrast, the value of Z w for the DSC with CZTSSe is very close to that for the Pt based cell, the use of CZTS CE considerably increased the Z w from 4.72 Ω (with the Pt electrode) to 33.15 Ω. Since CZTS CEs were fabricated by drop-casting the ink on the cleaned FTO glass without sintering, the resulted loose and cellular structure of the CZTS was with high porosity, however, the weak adhesion between CZTS particles and FTO glass led to the highest Z w and R s values, resulting in the largest internal series resistance and the lowest FF and thus the poorest η shown in Table 1 [37] . In our work, it is found that CZTSSe CE has poorer performance than Pt electrode. This result is different from that reported by Xu et al. [20] . They reported that their deposited CZTSSe CE performed better than Pt CE. We think the poorer catalytic property in our grown CZTSSe CE can be attributed to its much larger particle size than Pt particles shown in Fig. 4(b) [27] . In DSCs, the size of Pt prepared by thermal decomposition was about 5-15 nm [29] . The CZTS nanoparticle diameter was approximately (15 ± 6) nm in Lin et al.'s work [20] . As shown in Fig. 4(b) , the larger CZTSSe particles resulted in greatly loose networks, which caused the higher R ct1 listed in Table 1 . The higher value of R ct1 induced the higher internal series resistance, and resulted in the lower fill factor and the smaller energy conversion efficiency of the CZTSSe-based cells. As we well know, catalytic activity is one of the intrinsic characteristics of a catalyst. It is determined by the electronic structure of the catalyst. To date, however, researchers have not been able to make definitive statements about the electronic structure of the Pt like catalysts or to give a definitive relationship between the electronic structure and the catalytic activity. In addition, for the same kind of catalyst, the catalytic activity can be also affected significantly by the particle size, crystal structure, and so forth [38, 39] . Therefore, the catalytic activity of CZTSSe CE can be enhanced by decreasing the size and improving the shape of CZTS powders. The fundamental reasons for the variety of catalytic activities of CZTSSe require further studies.
Conclusions
We have reported on a simple and eco-friendly approach for preparing CZTS powders and a screenprinting process for CZTSSe CEs in DSCs. CZTS nanoparticles were prepared via a hydrazine-free solvothermal approach without the assistance of organic ligands. CZTSSe CEs were prepared by screenprinting CZTS pastes containing 5 wt.% of ethyl cellulose on the cleaned FTO glass, followed by heating in air and selenization in Se vapor. The structure, composition and morphology of the obtained CZTS nanoparticles, CZTS and CZTSSe electrodes were characterized. The electrocatalytic activity of prepared CZTS and CZTSSe electrode was investigated by EIS. DSCs fabricated with prepared CZTSSe counter-electrode achieved an overall conversion efficiency of 5.75% in full sunlight. The device performance could be further improved by adjusting S/Se ratios and optimizing morphological properties such as particle size and porosity of CZTSSe films.
